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Abstract. Viruses are a major threat causing massive yield loss and economical damage to crop production worldwide. 
Through complex evolutionary processes, plants encounter and overcome viral infection by developing effective resistance 
mechanisms. Over the past decade, remarkable progress has been made in understanding the nature of plant resistance 
to viruses at the molecular level. This review summarizes the major resistance strategies that plants use to prevent viral 
infection. Recent investigations suggest that antiviral RNA silencing is the most prevalent defense strategy in plants. 
Other forms of resistance include R gene-mediated resistance and host factor-related recessive resistance. Naturally occurring 
resistances arise and are maintained in numerous virus-plant pathosystems based mainly on arms-race relationships and 
the cost-efficiency of resistance acquisition. In addition to the current status of the known resistance mechanisms, this 
review discusses the future prospectus for the practical application of plant resistances that influence resistance durability 
in agricultural ecosystems. Such applications include molecular breeding strategies using advanced molecular marker 
systems and the utilization of trans- or cis- genetics via the acquisition of engineered disease resistances. 
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resistance, R gene-mediated resistance, RNA silencing, virus resistance
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Introduction
Viral diseases are one of the major factors threatening 
crop production worldwide. It is estimated that about 15% 
of global crop production is lost due to various plant diseases, 
and phytopathogenic viruses are thought to cause more than 
one third of plant diseases (Boualem et al., 2016). Although 
pesticides are commonly used to reduce viral vector popu-
lations, chemical treatments cannot directly limit virus infections. 
In order to control agricultural losses to viral diseases, the 
development of disease-resistant varieties with durable and 
broad-spectrum resistance against various viruses has been a 
major goal in most plant breeding programs (Kang et al., 
2005b).
Plant viruses are obligate intracellular parasites that absolutely 
require host cell machinery for multiplication and transmission. 
Viruses are nucleic acid-based pathogens that are generally 
packed in protein called capsids. Their genomes typically 
consist of single-stranded (ss) or double-stranded RNA or 
DNA, and the size of their genome is very small compared 
with that of other organisms including non-viral phytopathogens. 
The phytopathogenic viral life cycle of ssRNA viruses, which 
are considered as a major type of plant viruses, includes entry 
into plant cells, the uncoating of nucleic acid, the translation 
of viral proteins, the replication of viral nucleic acids, the 
assembly of progeny virions, cell-to-cell movement, systemic 
movement, and plant-to-plant movement (Carrington et al., 
1996). Viruses lack components necessary for their own inde-
pendent survival, so they rely upon numerous factors in the 
living host cells (Boualem et al., 2016). Although viruses 
are relatively simple genetic entities, the molecular mechanisms 
of resistance and susceptibility to viral diseases are not fully 
comprehended. 
It is impossible to summarize all the existing disease- 
resistance mechanisms in a single model; however, there are 
several representative models based on well-characterized 
pathosystems (Brown, 2015; Nishimura and Dangl, 2010). 
Our general understanding of the molecular mechanisms of 
phytopathogen-host interactions has been achieved based 
mostly on several model bacteria-plant systems. The gene- 
for-gene hypothesis was proposed and has served for many 
years as the model of how disease resistances turn on against 
diverse pathogens (Flor, 1971; Keen, 1990). Based on the gene- 
for-gene model, a single resistance gene (R gene) encoded by 
the host recognizes the presence of the avirulence (Avr) 
proteins, effectors generally secreted by bacterial type III se-
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cretion system, fungal haustoria or nematodes stylets, and 
triggers a resistance response, which is generally associated 
with the rapid appearance of cell death, a hypersensitive 
response (HR) (Dangl and Jones, 2001). The first characterized 
plant R gene was Pto, a protein kinase that physically inter-
acts with either AvrPto or AvrPtoB, its avirulence determinants 
(Martin et al., 1993; Tang et al., 1996). Numerous R genes 
have since been characterized in multiple plant species. The 
most general types of R genes can be grouped into two 
classes: genes encoding nucleotide-binding leucine-rich repeat 
(NB-LRR) proteins and genes encoding receptor-like kinase/ 
receptor-like proteins (Rathjen and Moffett, 2003). About a 
decade later, the zig-zag model was proposed (Jones and 
Dangl, 2006; Cook et al., 2015). In the zig-zag model, the 
plant defense system consists of two distinct defense responses. 
The primary level of defense is called PAMP/MAMP-triggered 
immunity (PTI), and the secondary level of defense is called 
effector-triggered immunity (ETI). PTI presents a basic defense 
mechanism by preventing pathogen invasion or thickening 
the cell wall in response to specific structures or proteins 
associated with the pathogen, so called pathogen-associated 
molecular patterns (PAMPs) or microbe-associated molecular 
patterns (MAMPs). Plants will show susceptibility only when 
a pathogen successfully establishes both suppression of the 
PTI response and facilitation of its pathogenic effectors. 
ETI, the second level of the defense response, is triggered 
when the R gene products directly or indirectly sense the 
presence of specific effectors, also called Avr factors. Con-
sequently, an effective ETI will keep the plant resistant; 
however, an insufficient ETI will lead to disease establishment 
(i.e., susceptibility of the plant). Additionally, the guard hy-
pothesis and the decoy model, a modified guard hypothesis, 
have been proposed and elucidated in multiple pathosystems 
(Dangl and Jones, 2001; Jones and Dangl, 2006; Van der Hoorn 
and Kamoun, 2008). 
General resistance models do not fit well with viral resistance, 
primarily because of the intracellular parasitic nature of the 
virus, which, unlike other pathogens, absolutely requires the 
live host cell machinery. For example, pattern recognition 
receptors, which serve as a major defense component by 
triggering the first layer of resistance when a plasma-membrane 
receptor perceives a bacterial or fungal MAMP or PAMP (Tena 
et al., 2011), cannot play a role in fighting plant viruses, 
because viruses do not express extracellular PAMPs. Instead, 
RNA silencing serves as a major antiviral mechanism, al-
though the R gene-mediated strategy is also effective against 
viruses as well as other phytopathogens (Nakahara and Masuta, 
2014; Rodriguez et al., 2015). In the case of resistance with 
recessive inheritance, several recessive resistance genes have 
been characterized in studies of both fungal and bacterial 
pathogens, including xa5, a Xanthomonas resistance gene in 
rice (Iyer-Pascuzzi and McCouch, 2007), and mlo, a powdery 
mildew resistance gene in barley (Buschges et al., 1997). The 
majority of recessive resistance genes have been identified 
in virus-plant pathosystems, however. 
This review will first focus on what is known about the 
naturally existing viral resistances: i) antiviral RNA silencing, 
ii) R gene-mediated resistanceand, and iii) recessive resistance. 
Second, this review will discuss the application of those known 
resistances from two different perspectives: molecular breeding 
strategies using advanced molecular marker systems and the 
utilization of trans or cis genetics via the acquisition of 
engineered disease resistances. 
Overview of Virus Resistance in Plants
In the area of plant-virus interaction, Tobacco mosaic virus 
(TMV), the first virus to be discovered and isolated (Holmes, 
1929), and N, its counterpart R gene from Nicotiana glutinosa, 
historically served as a model system for studying HR-based 
resistance, systemic acquired resistance (SAR), and elaboration 
of the gene-for-gene model. The N gene was the first viral R 
gene to be cloned and characterized, which occurred soon 
after the Pto cloning (Whitham et al., 1994). Moreover, in 
the case of TMV-triggered SAR, it was discovered that the 
mobile SAR signal can be transferred to non-infected distant 
tissues and maintained up to 3 weeks (Vlot et al., 2008). Despite 
the fact that studies of virus resistance in plants have made 
prominent contributions to our overall knowledge of disease 
resistance in plants, the critical advances in understanding 
the molecular mechanisms of disease resistance have primarily 
come from investigations of bacterial and fungal phyto-
pathosystems. Recent studies using techniques such as RNA 
silencing, virus-induced gene silencing, large-scale genomic 
analysis, and epigenetic analysis have accelerated the exploration 
of plant antiviral mechanisms at the molecular level.
Genetic resistance (natural resistance) with antiviral activities 
comprises antiviral RNA silencing, R gene-mediated resistance, 
and recessive resistance in general (Fig. 1) (Kang et al., 2005b; 
Maule et al., 2007). R gene-mediated resistance, which is 
the most intensively explored form of resistance to the diverse 
bacteria, fungi, and viruses generally responsible for the HR, 
is an effective way for plants to gain viral resistance. However, 
because viruses are intracellular parasites consisting of a small 
RNA or DNA genome packed in a capsid, the RNA silencing 
strategy is considered as a major antiviral mechanism (Smyth, 
1999; Nakahara and Masuta, 2014; Rodriguez et al., 2015). 
Successful antiviral RNA silencing primarily results in the 
degradation of the viral genome at the site of the initial in-
fection (Voinnet, 2001). Resistance with recessive inheritance, 
mostly acquired via the alteration of key host factors required 
for the viral infection cycle, is also recognized as an effective 
antiviral resistance mechanism (Robaglia and Caranta, 2006). 
In addition to those main antiviral mechanisms, it was dem-
onstrated in several systems that the ubiquitin proteasome 
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Fig. 1. Major plant defense strategies against viral attack.
system and DNA methylation processes, which are shown to 
have crucial resistance roles in other pathosystems, are also 
involved in antiviral defense (Butterbach et al., 2014).
Antiviral RNA Silencing
RNA silencing, also referred to as RNA interference (RNAi) 
or post-transcriptional gene silencing (PTGS), is a surveillance 
response triggered by double-stranded (ds) RNA (Grishok et 
al., 2001; Hammond et al., 2001). RNA silencing plays a 
major role in the regulation of gene expression during de-
velopment and in defense against biotic/abiotic stresses in 
plants (Depicker and Mantagu, 1997; Vaucheret and Fagard, 
2001; Carrington and Ambros, 2003). Plants can avoid viral 
infection by specifically degrading viral RNA via antiviral 
RNA silencing, which has been demonstrated as a common 
plant defense for a majority of the plant viruses (Baulcombe, 
1999; Incarbone and Dunoyer, 2013). Antiviral RNA silencing 
is triggered by viral dsRNA segments generated either by 
replication intermediates or by secondary intramolecular RNA 
folding (hairpin) structures in the host cell (Covey et al., 1997; 
Ratcliff et al., 1997; Marathe et al., 2000). Inside the plant 
cells, viral dsRNAs are detected and processed by Dicer-like 
(DCL) enzymes into virus-derived small RNAs (vsRNAs) (Ding 
and Voinnet, 2007). The vsRNAs are incorporated into the 
RNA-induced silencing complex (RISC) and guide Argonaute 
(AGO) proteins, which induce the degradation or translational 
arrest of the viral RNA (Pumplin and Vionnet, 2013). The 
antiviral RNA silencing signal can be proliferated and trans-
ferred via the plasmodesmata and the phloem, allowing systemic 
viral defense (Voinnet, 2001; Molnar et al., 2010). There is 
increasing evidence that DNA viruses are also subject to be 
controlled by antiviral RNA silencing (Incarbone and Dunoyer, 
2013). In the case of geminivirus, a plant virus family possessing 
a single-stranded circular DNA genome, vsRNA and PTGS 
of viral coding sequences has been observed during resistance 
responses (Ribeiro et al., 2007). Moreover, it was demonstrated 
that hypermethylation of the viral DNA genome mediated 
by Ty-1, a tomato resistance gene, results in the enhancement 
of transcriptional gene silencing (Butterbach et al., 2014).
In order to overcome the host defense system, plant viruses 
have acquired a counter-defense strategy by disrupting host 
antiviral silencing, which is explicable in the co-evolutionary 
context of arms races (Al-Kaff et al., 1998; Kasschau and 
Carrington, 1998; Ding and Vionnet, 2007). A number of viral 
suppressors of RNA silencing (VRSs) have been identified 
from diverse viruses without obvious sequence or structural 
similarities (Burgyan and Havelda, 2011). Most VRSs are 
multifunctional with various modes of action including the 
inhibition of viral RNA sensing, dicing, the RISC assembly, 
RNA targeting, and amplification (Burgyan and Havelda, 
2011). There is increasing evidence that plants have evolved 
ways to fight against VRSs, which are also called “counter- 
counter defense responses”, as the molecular arms-race theory 
predicts (Incarbone and Dunoyer, 2013; Pumplin and Vionnet, 
2013; Zhao et al., 2016; Boualem et al., 2016). 
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R Gene-mediated Resistance 
Dominant R genes typically confer race-specific resistance 
against diverse phytopathogenes encoding corresponding dom-
inant Avr genes (Dangl et al., 1996; Hammond-Kosack and 
Jones, 1996). This type of resistance is associated with the HR 
in many cases. HR-mediated cell death immediately eliminates 
infected cells and prevents systemic spread of the viral infection. 
The HR is generally associated with mitogen-activated protein 
kinase (MAPK) signaling, an increase in salicylic (SA) acid 
and jasmonic acid (JA), calcium ion influx, callose deposition 
at the plasmodesmata, modification of membrane permeability, 
activation of defense genes, and an immediate accumulation 
of reactive oxygen species (ROS) and nitric oxide (NO) 
(Richberg et al., 1998; Yang et al., 2001).
The majority of plant R genes encode nucleotide-binding 
(NB) and leucine rich-repeat (LRR) domains, whereas the 
Avr proteins have little in common structurally (Jones and 
Dangl, 2006). The NB-LRR proteins consist of three domains: 
the nucleotide-binding site (NBS) in the center, an LRR at 
the C-terminal end, and a Coiled-coil (CC) or Toll and human 
interleukin receptor (TIR) domain at the N-terminus (Meyers 
et al., 2003). In addition to the conserved NBS, the NBS 
domain includes an Apaf-1/R protein/CED 4 (ARC) domain, 
which is involved in ATP hydrolysis and intramolecular inter-
actions (Rairdan et al., 2008). Intramolecular interactions within 
NB-LRR proteins are conserved at certain levels and are 
critical for the proper functioning of the R protein (Rairdan 
et al., 2008). The LRR domain of NB-LRR proteins is the 
primary determinant conferring specificity to plant-pathogen 
recognition (Jones and Dangl, 2006). Additionally, the N-ter-
minus is acknowledged as serving an important role for 
specific Avr interaction (Collier and Moffett, 2009). The rec-
ognition of avirulent effectors by NB-LRR proteins, which 
sequentially initiates down-stream defense responses, can 
occur directly or indirectly through cellular cofactors.  
Dominant viral R genes in plants are listed in Table 1. 
Over 20 viral R genes with dominant inheritance are char-
acterized so far. N, the first viral R gene to be cloned and 
characterized, is a tobacco resistance gene encoding a TIR- 
NB-LRR protein confering resistance to TMV (Whitham et 
al., 1994). The 50 kDa helicase domain p50 is the counterpart 
of N and is part of the viral 126 kDa protein in the TMV 
replicase complex (Padgett et al., 1997). In the case of TMV 
resistance, N recognizes the p50 helicase domain through a 
direct interaction (Ueda et al., 2006). Rx, a potato protein 
conferring resistance to Potato virus X (PVX), is a typical 
CC-NB-LRR protein. Its counterpart Avr determinant is the 
PVX coat protein (CP) (Bendahmane et al., 1995, 1999). 
The role of each functional domain and the intramolecular 
interactions among those domains have been intensively 
studied in Rx (Rairdan et al., 2008). 
Recessive Virus Resistance
As intracellular parasites, viruses are exclusively dependent 
on host cellular mechanisms for their life cycle. When virus 
particles enter a plant cell, the genome is released from the 
capsid and early viral proteins are translated. Thereafter, the 
virus confronts various levels of host defense. Because of 
the limited number of viral gene products, the virus requires 
a series of host factors to pursue a successful infection cycle 
including replication, transcription, translation, cell-to-cell 
movement, and long-distance movement (Kang et al., 2005b; 
Truniger and Aranda, 2009). The absence or alteration of a 
necessary host factor can be an efficient defense strategy for 
the plant and is considered a form of passive resistance (Fraser, 
1990, 1992). Such passive resistance generally shows recessive 
inheritance. The R gene-mediated resistance described in the 
previous section can be considered active resistance and/or 
dominant resistance in this context (Kang et al., 2005b). 
It is predicted that more than half of the plant virus 
resistances are recessively inherited, although many are yet 
to be characterized (Kang et al., 2005b; Truniger and Aranda, 
2009). A large proportion of the recessive R genes identified 
to date confer resistance to various potyviruses, a family of 
viruses that encompasses more than 30% of known plant 
viruses. Recessive R genes conferring potyvirus resistance 
have been identified and deployed for decades in numerous 
crops. The eukaryotic translation factor 4E (eIF4E) plays a 
major role in the initiation of host translation by recruiting 
messenger RNAs to the ribosomal complex and has been 
repeatedly identified as an essential host factor required for 
viral infection (Truniger and Aranda 2009). Natural variation 
in eIF4E preventing viral sequestration confers effective 
resistance to potyvirus infection in multiple crop species, 
suggesting that the alteration of host factors such as trans-
lation-initiation factors is a common strategy for developing 
viral resistance in plants (Schaad et al. 2000; Yeam et al., 
2007; Cavatorta et al., 2008). Those factors include pvr1 (pvr2) 
in pepper, mo1 in lettuce, sbm1 in pea, rym4/5 in barley, 
pot1 in tomato, and zym-FL in watermelon (Gao et al., 2004; 
Ling et al., 2009; Nicaise et al., 2003; Ruffel et al., 2002; 
Kang et al., 2005a; Wicker et al., 2005). It was demonstrated 
statistically that the amino acid variations in eIF4E responsible 
for potyviral resistance in multiple species have arisen inde-
pendently and been positively selected in their evolutionary 
context (Cavatorta et al., 2008). The recently characterized 
ty5, which confers resistance to Tomato yellow leaf curl virus 
(TYLCV), encodes the messenger RNA surveillance factor 
Pelo and is another example of recessive resistance in tomato 
(Lapidot et al., 2015). Impaired function of Pelo, which is 
implicated in the ribosome recycling-phase of protein synthesis, 
appears to trigger the suppression of viral infection in resistant 
ty5 genotypes. The known recessive resistance genes are 
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Table 1. Characterized virus resistance genes with dominant inheritance






Arabidopsis thaliana HRT Turnip crinkle virus CC-NBS-LRR HR CP Ren et al., 2000
Arabidopsis thaliana
JAX1
Platago asiatica mosaic virus Jacalin like lectin  Blocking RNA  
accumulation  
Unknown Yamaji et al., 2012
Arabidopsis thaliana RCY1 Cucumber mosaic virus CC-NBS-LRR HR CP Takahashi et al., 2002
Arabidopsis thaliana
RTM1
Tobacco etch virus Jacalin family Blocking systemic  
movement
CP Chisholm et al., 2000
Arabidopsis thaliana RTM2 Tobacco etch virus Small heat shock  
protein
Blocking systemic  
movement
CP Whitham et al., 2000
Arabidopsis thaliana RTM3 Tobacco etch virus MATH-containin
g protein
Blocking systemic  
movement
Unknown Cosson et al., 2010
Brassica campestris BcTuR3 Turnip mosaic virus TIR-NB-LRR Systemic resistance Unknown Ma et al., 2010
Brassica campestris TuRB07 Turnip mosaic virus CC-NBS-LRR ER Unknown Jin et al., 2014
Capsicum spp. L (multi-alleles) Tobacco mosaic virus CC-NBS-LRR HR CP Tomita et al., 2011
Cucumis melo Prv (multi-alleles) Papaya ringspot virus TIR-NB-LRR Unknown Brotman et al., 2013
Glycine max Rsv1 Soybean mosaic virus CC-NB-LRR HR P3, HC-Pro Hayes et al., 2004
Nicotiana glutinosa N Tobacco mosaic virus TIR-NBS-LRR HR P50 helicase domain Whitham et al., 1994
Phaseolus vulgaris I Bean common mosaic virus TIR-NBS-LRR HR Unknown Vallejos, 2006
Phaseolus vulgaris RT4-4 Cucumber mosaic virus TIR-NBS-LRR Systemic necrosis 2a Seo et al., 2006
Solanum chilense Ty1/Ty3 (multi-alleles) Tomato yellow leaf curl virus RDR RNA silencing Unknown Butterbach et al., 2014
Solanum habrochites Tm1 Tomato mosaic virus TIM-barrel-like  
domain
Blocking replication Replication protein Ishibashi et al. 2007
Solanum peruvianum Tm2 (multi-alleles) Tomato mosaic virus CC-NBS-LRR Microscopic HR MP Lanfermeijer et al. 2003
Solanum peruvianum Sw5b Tomato spotted wilt virus CC-NBS-LRR HR Cell-to-cell MP (NSm) Brommonschenkel et al.,  
2000
Solanum tuberosum Rx (multi-alleles) Potato virus X CC-NBS-LRR Blocking replication CP Bendahmane et al., 2002
Solanum tuberosum Y1 Potato virus Y TIR-NBS-LRR HR Vidal et al., 2002
Vigna mungo CYR1 Mungbean yellow mosaic virus
Bean common mosaic virus
CC_NB_LRR CP Maiti et al., 2012
Abbreviations: MATH (meprin and TRAF domain), CP (coat protein), HC-Pro (helper component proteinase), MP (movement protein), 
RDR (RNA-dependent RNA polymerase), ER (extreme resistance without any necrotic local lesion)
summarized in Table 2.
Applications of Natural Virus Resistance: Molecular 
Breeding Aspects of Virus Resistance
The development of disease-resistant varieties, which will 
ultimately contribute to yield increases in crops, has been a 
major goal in most breeding programs. Marker-assisted 
selection (MAS) has been widely and successfully deployed 
for decades to generate disease resistance by applying genetic 
markers to select and combine multiple resistance genes 
(Foolad and Sharma 2005; Miedaner and Korzun, 2012). In 
the case of tomato, which is economically the most important 
vegetable crop worldwide, MAS has been performed actively 
for major virus-resistance genes including Ty1 and Ty2 for 
TYLCV, Sw5 for Tomato spotted wilt virus, and Tm2 for 
Tomato mosaic virus (reviewed in Lee et al., 2015). A molecular 
marker generally refers to a DNA marker and can serve as a 
technical tool for detecting genetic polymorphisms responsible 
for phenotypic variation. Various technological innovations 
including next-generation sequencing (NGS) techniques and 
single-nucleotide polymorphism (SNP) genotyping have ac-
celerated genome-wide association studies (GWAS) and greatly 
improved the accuracy, cost-effectiveness, and time-efficiency 
of MAS (Jones et al. 2009; Salgotra et al. 2014; Thomson 
2014). Increased access to genomic information has led to a 
considerable number of gene-based markers for disease re-
sistances, which are greatly advantageous compared with neutral 
markers linked to the genes of interest (Kage et al., 2015; 
Kamphuis et al., 2015). PCR-gel based systems using cleaved 
and amplified polymorphic sequence (CAPS) markers and 
high-throughput SNP detection systems using high resolution- 
melt (HRM) markers have been utilized widely to detect multiple 
SNPs associated with disease-resistance traits (Lochlainn et 
al., 2011; Jung et al., 2015). Currently, several advanced, high- 
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Table 2. Characterized virus resistance genes with recessive inheritance




Arabidopsis thaliana lsp1 Turnip mosaic virus eIF(iso)4E (mutagenesis) VPg Lellis et al., 2002
cum1 Cucumber mosaic virus eIF4E (mutagenesis) unknown Yoshii et al., 2004
cum2 Cucumber masaic virus eIF4G (mutagenesis) unknown Yoshii et al., 2004
Capsicum spp. pvr1/pvr2  
(multi-alleles)
Potato virus Y, Tobacco etch virus eIF4E VPg Ruffel et al., 2002; 
Kang et al., 2005
Capsicum annuum pvr6 Pepper veinal mottle virus eIF(iso)4E VPg Ruffel et al., 2006
Cucumis melo nsv Melon necrotic spot virus eIF4E unknown Nieto et al., 2006
Lactuca sativa mo1 (multi-alleles) Lettuce mosaic virus eIF4E  CI- Cter, VPg Nicaise et al., 2003
Oryza sativa rymv1 Rice yellow mottle virus eIF(iso)4G VPg Albar et al., 2006
Oryza glaberrima rymv2 Rice yellow mottle virus CPR5 homolog unknown Orjuela et al., 2013
Phaseolus vulgaris bc3 Bean common mosaic virus eIF4E unknown Naderpour et al., 2010
Solanum lycopersicum pot1 Potato virus Y, Tobacco etch virus eIF4E VPg Ruffel et al., 2005
ty5 Pelo unknown Lapidot, 2015
Pisum sativum sbm1 Pea seed-born mosaic virus eIF4E VPg Gao et al., 2004
Hordeum vulgare rym4/5 (multi-alleles) Barley yellow mosaic virus eIF4E VPg Stein et al., 2005
Abbreviations: eIF4E (eukaryotic translation initiation factor 4E), eIF(iso)4E (eukaryotic translation initiation factor iso 4E), Pelo (a 
messenger RNA surveillance factor), VPg (genome linked viral protein), CPR (constitutive expresser of pathogenesis related genes), CI-Cter 
(C terminal of cylindrical inclusion helicase)
throughput, low-cost SNP genotyping efforts are facilitated 
by platforms such as Fluidigm’s Dynamic Arrays™, Douglas 
Scientific’s Array Tape™, and LGC’s automated systems 
for running KASP™ markers. Such efforts can also be pursued 
through genotyping-by-sequencing approaches (GBS) based 
on the low-cost, high-density, genome-wide scans made possible 
by multiplexed sequencing (Thomson et al., 2014). Those 
cutting-edge technologies are still in an introductory stage in 
the crop sciences and are rapidly attracting plant-breeding 
communities.
The ultimate goal in breeding programs for viral resistance 
is to achieve effective and durable resistance against the target 
viruses. The accumulation of multiple resistances by gene 
pyramiding was expected to be the most effective strategy 
for generating broad-spectrum resistance; however, there are 
a number of aspects that need to be considered comprehensively 
in order to achieve durability (Mundt, 2014). Those include 
the coevolutionary history of the hosts and viruses, the influences 
of agricultural practices on plant-virus interactions, reciprocal 
interactions among plants, virus and insect vectors, the recon-
stitution of gene frequencies and fitness levels caused by 
vigorous crop-improvement efforts, and global climate changes. 
The emergence of viral isolates that have overcome predominant 
R genes has been identified repeatedly (Montarry et al., 2012; 
Nicaise, 2014). Never-ending arms races have been demonstrated 
by observing host antiviral RNA silencing, viral counter 
responses, and host counter-counter defenses (Incarbone and 
Dunoyer 2013; Pumplin and Vionnet, 2013). Although more 
than 80% of the known viral resistances are monogenically 
controlled, it is assumed that polygenically controlled viral 
resistance exists more prevalently in natural ecosystems 
(Maule et al., 2007). It has been suggested that partial 
resistance (tolerance) or resistance controlled by quantitative 
trait loci would benefit durable resistance by avoiding the 
emergence of resistance-overcoming viruses (Richardson et 
al., 2006; Mundt, 2014). Furthermore, it has been demonstrated 
that recessive resistance is better for gaining durability than 
dominant resistance (Kang et al., 2005b; Sanfacon, 2015). 
Although it is obvious that there is still much to be revealed, 
recent advances in understanding naturally occurring resistance 
to viruses at the molecular level will bring us one step closer 
to accomplishing effective and durable viral resistance (Mundt, 
2014; Nicaise, 2014). 
Engineered Resistance to Plant Viruses 
Numerous attempts have been made to develop engineered 
resistance against plant diseases since the development of 
the Agrobacterium-mediated plant-transformation technique 
in the early 1980s (Thomashow et al., 1980). Engineered re-
sistance that blocks viral attack has produced a considerably 
large number of successes compared with other pathosystems. 
Pathogen-derived resistance (PDR) is conferred when a sequence 
from a viral genome is transgenically introduced into a host 
plant. The first successful PDR was shown in transgenic tobacco 
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expressing the CP of TMV (Abel et al., 1986). CP-mediated 
resistance has been widely used and reported in over 35 viruses, 
including Tomato mosaic virus, Yellow mosaic virus, Cucumber 
mosaic virus (CMV), and TYLCV resistances in tomato; PVX, 
Potato virus Y, and Potato leaf roll virus resistances in potato; 
CMV resistance in pepper; Plum pox virus resistance in plum; 
CMV resistance in cucumber; CMV, Zucchini yellow mosaic 
virus, and Water melon mosaic virus resistances in Zucchini; 
Zucchini yellow mosaic virus in melon; and Papaya ring 
spot virus in papaya (Dasgupta et al., 2003). Although the 
majority of PDRs to viral diseases are engineered using the 
viral CP, other viral genes like replicases and movement pro-
teins are also used to generate engineered resistances (Morroni 
et al., 2008; Galvez et al., 2014). The molecular mechanism 
underlying PDR is not entirely understood. It is speculated, 
however, that RNA silencing plays a major role in the antiviral 
effects in addition to the protein interactions between viral 
proteins and the transgenically expressed proteins (Voinnet, 
2001; Prins, 2003; Gottula and Fuchs, 2009). Modified PDRs 
triggered by the transgenic expression of artificial microRNAs 
(amiRNA) have also demonstrated effectiveness in several 
systems (Niu et al., 2006; Ai et al., 2011). 
Besides the transgenic expression of viral gene segments, 
the heterologous expression of dominant or recessive resistance 
genes has been demonstrated to confer resistance to plant 
diseases in closely related host taxa (Whitham et al., 1996; 
Bendahmane et al., 2002; Kang et al., 2007). Several transgenic, 
virus-resistant varieties in squash, papaya, plum, potato, tomato, 
and bean have already been commercialized; however, public 
concerns over the potential ecological impact of the transgenic 
plants are still under debate (Nicaise, 2014). Intragenic or 
cisgenenic approaches whereby the crop is transformed with 
genes from within its own genome have also been introduced 
to generate engineered resistance to viruses (Cavatorta et al., 
2011; Ilardi and Tavazza, 2015). Together with molecular 
insights into the mechanisms of R genes, progress in gene 
editing utilizing transcription activator-like effector nucleases 
(TALEN) and clustered regularly interspaced short palindromic 
repeats (CRISPRs) (Gaj et al., 2013; Gao and Zhao, 2014) 
might accelerate the genetic engineering of plant R genes or 
susceptible factors in the near future.
Conclusion
Plants developed effective antiviral resistance mechanisms 
through complex co-evolutionary processes. Over the past 
decade, the molecular mechanisms of plant resistance to 
viruses have been exclusively investigated, and remarkable 
progress has been made. Naturally occurring genetic viral 
resistance primarily comprises antiviral RNA silencing, R 
gene-mediated resistance, and recessive resistance. Since 
viruses are intracellular parasites consisting of a small RNA 
or DNA genome packed in a capsid, the RNA silencing 
strategy is considered a major antiviral mechanism. Successful 
antiviral RNA silencing primarily results in the degradation 
of the viral genome at the site of the initial infection. R 
gene-mediated resistance, which is the most intensively 
explored form of resistance generally responsible for the 
HR, is also effective in conferring viral resistance. Resistance 
with recessive inheritance, mostly acquired via the alteration 
of key host factors required for the viral infection cycle, is 
also recognized as an essential antiviral mechanism. The most 
effective resistance strategies would be selected and used in 
each virus-plant pathosystem, based mainly on the arms-race 
relationships and the fitness cost of the resistance acquisition. 
Profound understanding of the plant viral resistances at the 
molecular level will allow us one step closer to accomplishing 
effective and durable viral resistance. These naturally occurring 
viral resistances are actively utilized in major plant breeding 
programs mostly enabled by MAS. Current advances in high- 
throughput and low-cost SNP genotyping are rapidly attracting 
plant breeding communities and expected to accelerate MAS 
with improved accuracy and economic feasibility. The area 
of developing engineered resistance has received a great deal 
of attention and made several success stories in plant-virus 
system. Technologies involved in transgenics, cisgenics, and 
gene-editing will contribute to the gain of highly applicable 
viral resistance in addition to the breeding efforts utilizing 
natural resistances.
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